We have conducted a survey of ultraluminous infrared galaxies (ULIRGs) with the Infrared Spectrograph on the Spitzer Space Telescope, obtaining spectra from 5.0 to 38.5 m for 77 sources with 0:02 < z < 0:93. Observations of the pure rotational H 2 lines S(3) 9.67 m, S(2) 12.28 m, and S(1) 17.04 m are used to derive the temperature and mass of the warm molecular gas. We detect H 2 in 77% of the sample, and all ULIRGs with F 60 m > 2 Jy. The average warm molecular gas mass is $2 ; 10 8 M . High extinction, inferred from the 9.7 m silicate absorption depth, is not observed along the line of sight to the molecular gas. The derived H 2 mass does not depend on F 25 m /F 60 m , which has been used to infer either starburst or AGN dominance. Similarly, the molecular mass does not scale with the 25 or 60 m luminosities. In general, the H 2 emission is consistent with an origin in photodissociation regions associated with star formation. We detect the S(0) 28.22 m emission line in a few ULIRGs. Including this line in the model fits tends to lower the temperature by $50Y100 K, resulting in a significant increase in the gas mass. The presence of a cooler component cannot be ruled out in the remainder of our sample, for which we do not detect the S(0) line. The measured S(7) 5.51 m line fluxes in six ULIRGs implies $3 ; 10 6 M of hot ($1400 K ) H 2 . The warm gas mass is typically less than 1% of the cold gas mass derived from 12 CO observations.
INTRODUCTION
Ultraluminous infrared galaxies (ULIRGs) are the most luminous objects in the local universe. These objects appear to be mergers of dusty, gas-rich disk galaxies (e.g., Sanders & Mirabel 1996; Moorwood 1996) . A direct result of this dusty and large optical depth environment is that they radiate 90% or more of their total energy in the far-infrared, typically with L 8Y1000 m ! 10 12 L . The bolometric luminosities and space densities of ULIRGs in the local universe (i.e., z 0:1) are similar to those of QSOs (Soifer et al. 1987; Sanders & Mirabel 1996) . It was proposed by Sanders et al. (1988) that most ULIRGs are powered by dust-enshrouded QSOs in the late phases of a merger. A classic example of this is Mrk 231, where the detection of broad ($10,000 km s À1 ) hydrogen emission lines (Arakelian et al. 1971; Adams & Weedman 1972) and radio jets (Lonsdale et al. 2003) provides direct evidence for the central active galactic nucleus (AGN ). The final state of a ULIRG may be a large elliptical galaxy with a central massive quiescent black hole (Kormendy & Sanders 1992) . The ratio of the 25 to 60 m flux densities, as measured with the Infrared Astronomical Satellite (IRAS; Neugebauer et al. 1984) , has been used to classify ULIRGs. This ratio reflects the globally averaged dust temperature of the galaxy, which is typically 50Y100 K. The ULIRGs are classified as either ''warm'' (F 25 m /F 60 m ! 0:2) and possibly AGN dominated or ''cold'' (F 25 m /F 60 m < 0:2), with a possible dominant contribution to the overall luminosity from massive star formation. Although luminous mergers are rare in the local universe, it has been proposed that ULIRGs may make a significant contribution to the star formation density at z ! 1 (e.g., Elbaz & Cesarsky 2003) .
Molecular hydrogen is the primary component of the dense gas in galaxies and the most abundant molecule in the universe. Stars are not only formed from molecular clouds, but the H 2 acts as a coolant enabling the star formation to proceed. H 2 may also act as a coolant facilitating the accretion of material onto a central AGN. Prior to space-borne missions large quantities of molecular hydrogen in the central regions of ULIRGs had been inferred from detections of rotational transitions of 12 CO (e.g., Sanders et al. [1991] and references for this sample in Table 4) . A much smaller, hot ($2000 K ) gas component can be observed directly in the near-infrared through rovibrational H 2 lines (e.g., Van der Werf et al. 1993) .
In this paper, we have used observations with the Spitzer Space Telescope (Werner et al. 2004 ) to directly probe the warm (k100 K) molecular hydrogen component through pure rotational transitions, where the upper levels are populated via UV pumping, formation of H 2 in excited states, or collisional excitation. Four heating mechanisms have been proposed for the gas: (1) grain photoelectric heating in photodissociation regions (PDRs), (2) shock heating from outflows, supernova remnants (SNRs), and large-scale streaming motions in spiral arms and bars, (3) X-ray heating of gas from AGNs, SNRs, and cooling flows, and (4) cosmicray heating. H 2 has two independent states: ortho-H 2 , where the nuclear spins are parallel, and para-H 2 , where the spins are antiparallel. The rotational states have even spatial symmetry in the para-H 2 and odd spatial symmetry in the ortho-H 2 . An ortho-topara ratio of 3 is found for gas of typical temperature T $ 300 K. The proton exchange mechanism is a pathway to set up and maintain these LTE ratios. H 2 is highly symmetric and has no permanent dipole moment. All the rotational transitions within the electronic ground state are quadrupolar, with correspondingly low spontaneous Einstein A-coefficients. This makes the emission lines very weak and, until the advent of Spitzer, difficult to observe in all but the brightest galaxies. Valentijn et al. (1996) published the first detection of the H 2 S(0) 28.22 m transition in the galaxy NGC 6946, using the Short Wavelength Spectrometer (SWS) on the Infrared Space Observatory (ISO). Subsequently, Rigopoulou et al. (2002) published a survey of H 2 in 12 starburst and nine Seyfert galaxies using ISO. H 2 has been detected in only two ULIRGs, Arp 220 (Sturm et al. 1996) and NGC 6240 ( Lutz et al. 2003) . A review of the ISO H 2 observations is given in Habart et al. (2005) .
In order to investigate the properties for a statistically representative sample of the local ULIRG population, we have selected 110 ULIRGs with redshifts between 0.02 and 0.93 for observation with Spitzer's Infrared Spectrograph (IRS; Houck et al. 2004) , as part of the IRS GTO program. These sources are chosen from the complete Bright Galaxy Sample (Soifer et al. 1987) , the 1 Jy (Kim & Sanders 1998) and 2 Jy (Strauss et al. 1992 ) samples, and the FIRST/IRAS radioYfar-infrared sample of Stanford et al. (2000) . Armus et al. (2004) published the first results from this survey for Mrk 1014, Mrk 463, and UGC 5101. Two other papers discussing NGC 6240 and the 10 ULIRGs in the IRAS bright galaxy sample (Soifer et al. 1987) are in press (Armus et al. 2006a (Armus et al. , 2006b . In this paper we use the unprecedented sensitivity of the IRS to assess the warm H 2 component in a subsample of 77 ULIRGs. All sources were detected at 60 m with IRAS. Forty-eight of the ULIRGs in our sample are classified as ''cold'' (i.e., F 25 m /F 60 m < 0:2) and likely starburst dominated. The remaining 29 ULIRGs are ''warm'' (i.e., F 25 m /F 60 m ! 0:2) and are probably powered by an obscured active nucleus. The basic properties of the sample are listed in Table 1 .
The Spitzer IRS wavelength coverage encompasses the pure rotational S(0) 28.22 m through S(7) 5.51 m transitions. The relative line strengths allow the determination of the temperature and mass of the warm H 2 gas. In x 2 we detail the observations and data reduction, and in x 3 we present the results. In general, the analysis of the warm molecular gas is approximated with a single-temperature model. However, we detected the S(0) line in three ULIRGs, which can lower the derived warm gas temperature. In addition, in some systems we detect the S(7) line, and we use this to model a hot gas component. In the discussion section (x 4) we investigate the warm gas mass as a function of the average global dust temperature. We also assess the warm gas fraction with respect to the cold gas mass estimates available in the literature. Our conclusions are presented in x 5. Throughout the (Sanders & Mirabel 1996) . , M ¼ 0:27, Ã ¼ 0:73, and k ¼ 0).
OBSERVATIONS AND DATA REDUCTION
The data presented here were obtained using the IRS. In lowresolution mode ( IRS-LORES) there are two spectrometers with a resolving power 64 k/Ák 128. Short-Low (IRS-SL) operates between 5.2 and 7.7 m in Short-Low 2 (IRS-SL2) and 7.4Y 14.5 m in Short-Low 1 (IRS-SL1). Long-Low (IRS-LL) gives coverage from 14.0 to 21.3 m in Long-Low 2 (IRS-LL2) and 19.5 to 38.0 m in Long-Low 1 (IRS-LL1). The two high-resolution spectrometers (IRS-HIRES) have a resolving power k/Ák $ 600. Short-High ( IRS-SH ) encompasses the range 9.9Y19.6 m, and Long-High (IRS-LH) spans 18.7Y37.2 m. The observations were made in the IRS Staring Mode Astronomical Observing Template (AOT). A high-accuracy blue peak-up, using either a star from the Two Micron All Sky Survey (2MASS) catalog (Cutri et al. 2003) or the source itself, was executed in order to accurately place our targets on the IRS slits. The observation log is given in Table 2 . The IRS is fully described in Houck et al. (2004) , and the observing mode details are presented in the Spitzer Observers Manual (SOM ).
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The spectral data were processed as far as the unYflat-fielded two-dimensional image using the standard IRS S11 pipeline (see the SOM). The spectra were then extracted and sky subtracted using the SMART analysis package (Higdon et al. 2004 ). To maximize the signal-to-noise ratio (S/N) in the final spectra the data were extracted using a column whose width in the cross-dispersion direction scales with the instrument point-spread function (PSF). The spectra were flat-fielded and flux-calibrated by extracting and sky-subtracting unYflat-fielded observations of the calibration stars, HR 6348 (IRS-SL), HD 173511 (IRS-LL), and HD 163588 ( IRS-HIRES), and dividing these data by their respective templates (Cohen et al. 2003) to generate a one-dimensional relative spectral response function ( RSRF). The RSRF was then applied to the TARGET observations to produce the final spectra. The residual sky was subtracted from the IRS-LORES data using the off-source observations, which are part of the staring mode AOT. For the IRS-HIRES data, a spectrum of the zodiacal light on the date of the observation was generated using the Spitzer Planning and Observation Tool (SPOT; this uses the zodiacal light model of Reach et al. 2003) , scaled using the IRS-HIRES apertures, and subtracted from the spectra. The IRS-HIRES spectra were defringed in SMART. The spectra were scaled to match the 25 m flux densities measured by IRAS. Sources lacking a measured IRAS 25 m flux density were observed with the IRS peak-up arrays, allowing us to scale the spectra to match the source's 22 m flux density. The scaling factors, which are multiplicative, are listed in Table 2 . The ULIRG IRAS 09022À36 required an extremely large scaling factor ($17) to bring the SH and 25 m flux density measured by IRAS into agreement. We chose not to scale the data. We are confident in the detection of the S(1) line. However, the absolute flux calibration of this source is uncertain.
Most of the mid-infrared emission in ULIRGs arises in a region of the order of 1 to a few kiloparsecs in size, which are spatially unresolved with respect to the IRS slits. 6 To check this assumption we examined the IRS-SL2 data. This has the highest spatial resolution, with 1B8 pixel
À1
. The IRS-SL2 data were collapsed in the dispersion direction, and a Gaussian was fit to the profile. Our calibration star, HR 6348, is fit with a Gaussian, with a FWHM of 2B88. Only IRAS 09022À3615, IRAS 12112+0305, and IRAS 14348À1447 show evidence of significant source extension, i.e., FWHM ! 1:5 FWHM star . Their FWHMs are 3.0, 1.7, and 1.7 times that of the calibration star, respectively. Both IRAS 12112+ 0305 and IRAS 14348À1447 are known doubles with nuclei separated by 2.9 and 3.4 00 , respectively, and the 5 00 Gaussian FWHM corresponds to a linear diameter of 8 and 9 kpc, respectively. Our observations were centered on the northeast nucleus in IRAS 12112+0305 and the southwest nucleus in IRAS 14348À1447, as these are the dominant nuclei in the near-infrared and in CO ( Evans et al. 2000 ( Evans et al. , 2002 . For IRAS 09022À3615 there was a pointing problem, and the PSF is poorly sampled. No additional correction to line fluxes has been made to account for the extended emission.
Blending is a problem for the higher rotational lines, which can only be observed with the IRS-LORES. The S(6) 6.1 m line, for example, can be blended with polycyclic aromatic hydrocarbon (PAH) emission at 6.2 m, the S(5) 6.9 m line can be blended with the [Ar ii] 7.0 m line and PAH emission at 7.0 m, and the S(4) 8.0 m line can be blended with PAH emission at 7.8 and 8.3 m. NGC 6240 is the only source in our sample where the emission is bright enough to be detected in these transitions (Armus et al. 2006a ). The resulting S(3), S(2), and S(1) H 2 line profiles, averaged over the two slit-nod positions, are shown in the first, second, and third columns of Figure 1 , respectively. The S(0) detections, which indicate a somewhat cooler H 2 component, are shown in Figure 2 , while the S(7) detections, which arise from a hotter H 2 component, are shown in Figure 3 . In Table 3 we list the line fluxes and upper limits. We find the dominant source of uncertainty in the line fluxes to be the difference between the fits to the line profiles in the two slit-nod positions. Upper limits are calculated using the residuals (rms) from a zeroth-order fit to the continuum. We take the 3 upper limit to be 3 ; rms ; FWHM. No extinction correction has been applied to the observed line fluxes. Determining the correct extinction factor is inherently difficult, and we address this in x 3.2, where we discuss the location of the warm molecular hydrogen gas. We calculate a lower limit to the fraction of the total far-infrared luminosity, L IR , 7 radiated in the H 2 for those sources that have at least one measured emissionline flux. The lower limit is the sum of the line luminosities that were fit with a Gaussian, divided by L IR . Typically, $0.01% of the total far-infrared luminosity is radiated in the H 2 rotational lines.
RESULTS
Before deriving the physical properties of the warm molecular hydrogen, we take a quick look at the sample to check for systematic offsets and biases. All 77 ULIRGs were observed using IRS-LORES. However, the brighter sources were also observed in IRS-HIRES, 15 with IRS-LH and 37 with both IRS-SH and IRS-LH. We find no significant difference in the H 2 detection rate for these IRS-LORES and IRS-HIRES observations. For IRS-HIRES the detection rate is 35 of 50 (70% AE 12%) as compared to 51 of 77 (66% AE 9%) for IRS-LORES observations. Twentyfive sources have both IRS-LORES and IRS-HIRES measurements of the S(1) line. On average, the IRS-HIRES measurement is 90% AE 31% of the IRS-LORES value. Twenty-three sources have both IRS-LORES and IRS-HIRES measurements of the S(3) line. Two sources, IRAS 08311À2459 and IRAS 19254À 7245, have large line flux uncertainties. The remaining 21 sources have an average IRS-HIRES measurement that is 100% AE 33% of the average IRS-LORES line flux. There is no evidence for a significant systematic difference between high-and low-resolution line flux measurements. The sample contains a mixture of warm and cold sources. Nineteen of the 29 warm ULIRGs were detected in H 2 (65% AE 15%), whereas 40 of the 48 cold ULIRGs were detected (83% AE 13%). There is thus no significant statistical difference in the detection rate for the two subpopulations.
The likelihood for detecting H 2 is flux limited. There are 40 sources in our sample that have an IRAS 60 m flux density 2 Jy. This includes the 18 sources in the sample for which we do not detect any molecular hydrogen emission and 12 of the 16 sources for which we only detect a single emission line. This suggests a detection limit based on our choice of integration time. We detect molecular hydrogen in all sources with 60 m flux densities >2 Jy, irrespective of the warm/cold classification.
Warm H 2 Gas
To derive the mass of warm molecular hydrogen we assume that all of our sources are spatially unresolved by the IRS and that the emission is optically thin. The critical densities of the J ¼ 2, 3, and 4 levels are relatively low (n cr < 10 3 cm À3 ), and we assume that the populations are in LTE. Adopting an ortho-to-para ratio of 3, we constructed an excitation diagram for each source. transition versus the energy level. If the H 2 is characterized by a single temperature, the data will lie on a straight line, with the excitation temperature (T ex ) being the reciprocal of the slope. The excitation diagram for IRAS 00188À0856 is shown in Figure 4. This is a typical example of single-component fit, which is the case for the majority of our sources. The mass of warm H 2 can be derived from the line luminosity and the excitation temperature. For example, using the luminosity of the S(1) 17.04 m (ortho) line, the energy of a given level is given by 
Here L(J ) is the line luminosity, A J is the Einstein A-coefficient, and ÁE J ¼ h J , where h is Planck's constant and J is the frequency of the emission line; f J is the partition function for the J th state,
g , where g J is the statistical weight for a given state.
We derived an excitation temperature for approximately half of our ULIRG sample (43 sources) that had detections in at least two transitions. The mean T ex for this subsample is 336 AE 15 K. Table 3 also lists an additional 16 sources in which we only see a single orthoYmolecular hydrogen line. We used the mean T ex to estimate the warm gas mass in these sources. The warm gas masses range from 10 7 to 10 9 M , with an average value of $2 ; 10 8 M . The warm molecular hydrogen excitation temperatures and masses are given in Table 4 .
Extinction and the Ortho-to-Para Ratio
It is inherently difficult to derive the correct extinction along a given line of sight. Using optical depths derived in the midinfrared alleviates the problem of extrapolating from a measurement made in the optical. However, the geometry of the emitting sources and whether the derived optical depth should be approximated as a foreground screen or material mixed with the warm gas, in either a clumpy or a uniform medium, are all highly uncertain. Figure 5 shows the combined low-resolution and highresolution spectrum of Mrk 273 from 6.5 to 13.5 m. The deep silicate absorption feature corresponds to an optical depth of 9:7 m $ 2, implying an A V $ 20Y40 ( Roche & Aitken 1985) . For molecular hydrogen at a temperature of 380 K in LTE with an ortho-to-para ratio of 3, the intrinsic S(2)/S(3) line ratio is 0.56. If the H 2 has the same extinction implied by the depth of the silicate absorption trough, the line ratio will be in the range 1.05Y1.95 when the absorbing material is in a foreground screen, and 0.74 Y0.90 for a mixture of dust and gas. The observed S(2)/S(3) line ratio is 0:54 AE 0:08, which is consistent with the unextincted value. In Figure 6 we plot T ex versus the observed H 2 S(1)/S(3) line ratio, which is independent of the ortho-to-para ratio. The data represent the 27 galaxies where at least three J 4 lines are detected in the IRS-HIRES observations. NGC 6240 and IRAS 12112+ 0305 are not included in this selection, as their excitation diagrams are best described by multicomponent gas, as we describe more fully in the next section. The figure shows that the majority of the sources have line ratios that are consistent with the theoretical value for no extinction. From this we infer that the absorbing material along the line of sight to the central AGN does not lie in a screen between us and the warm molecular gas. If the H 2 emission originates from a massive and dusty circumnuclear torus, then the gas and dust are mixed, and the bulk of the emission must arise from regions with optical depths less than 3, as described by Burton et al. (1992) . Alternately, the H 2 emission may Using the same 27 sources we can test our assumption that the ortho-to-para ratio is 3. In Figure 7 , the dashed line shows the theoretical H 2 S(1)/S(2) line ratio as a function of T ex , and we have overplotted the observed line ratios. The data are consistent with the assumed ortho-para ratio of 3 with essentially no extinction. In both Figures 6 and 7 , the ULIRG IRAS 15462À0450 shows the largest departure from the theoretical curves, which we attribute to calibration difficulties.
Multitemperature H 2 Gas
ULIRGs are complex systems, and we would not expect the H 2 gas to be at a single temperature. NGC 6240 (Armus et al. 2006a ) is the only system in our sample where we detect all the S(0)YS(7) rotational lines. Its excitation diagram is shown in Figure 8 . The S(3)YS(7) lines are well fit by a hot H 2 component, with T ex ¼ 1327 AE 36 K. The S(7) line flux implies a hot molecular hydrogen mass of (4:1 AE 0:8) ; 10 6 M . Subtracting this component's contribution from the S(0) YS(3) lines gives a second, cooler H 2 component, with T ex ¼ 292 AE 6 K. The measured S(0) line flux weights the fit to lower temperatures and correspondingly larger H 2 masses. The warm gas mass inferred for the S(0) line flux is (6 AE 3) ; 10 8 M . Besides NGC 6240, we detect the S(0) line in only two other sources, IRAS 12112+0305 and IRAS 13342+3932. Likewise, the S(7) line is detected in only six sources, NGC 6240 Arp 220, IRAS 06301À7934, IRAS 12032+1707, IRAS 12112+0305, and IRAS 17068+4027 with S/N > 3. Figure 9 shows the excitation diagrams for these six sources. When the S(7) line is detected, a fit is first made to the S(7) and S(3) lines to determine the temperature of the hot H 2 component. In Arp 220, for example, the derived excitation temperature is 1435 AE 120 K. This component's contribution is then subtracted from the S(3)YS(0) lines, so the T ex and mass of the cooler H 2 component can be estimated. The derived T ex and H 2 masses are listed in Table 4 . In IRAS 13342+3932 the fit is heavily weighted toward a low temperature, as only the S(0) and S(1) lines are detected. The resulting gas mass is an order of magnitude larger than the masses calculated for NGC 6240 and IRAS 12112+0305. A similar decrease of $50Y 100 K in the temperature and increase in the mass by a factor of 10 are obtained for both NGC 6240 and IRAS 12112+0305 if only the S(0) and S(1) lines are used in the second temperature fit. This suggests that our result for both the mass and temperature in IRAS 13342+3932 is strongly biased by our nondetection of the S(2) and S(3) lines. Using the average temperature for the sample (T ex ¼ 336 AE 15 K ), we infer a mass of $2 ; 10 8 M , which is probably a better estimate of the warm H 2 gas mass, and more in keeping with the rest of the sample. The average hot gas temperature is 1400 AE 60 K, with an associated molecular mass of (3 AE 2) ; 10 6 M . The warm, T ex $ 340 K H 2 component, with M H 2 $ 10 8 Y10 9 M , thus represents the bulk of the measured gas mass. a Ratio of the sum of the H 2 line fluxes divided by the IR luminosity. The far-infrared luminosities are defined in Table 2 . b Emission lines observed using IRS-LORES. c The absolute flux calibration for IRAS 09022À3615 is uncertain; see text. d Both the S(1) and S(2) lines are present. However, we quote upper limits, as both lines are poorly calibrated. The S(1) line straddles orders 12 and 11 in IRS-SH, and the center of S(2) line profile is affected by bad pixel values. Fig. 4 .-Molecular hydrogen excitation diagram for IRAS 00188À0856, which is typical for our ULIRG sample. The solid line shows a fit to the S(1), S(2), and S(3) measurements, which is consistent with a single temperature component at T ex ¼ 358 AE 25 K, with a mass of 4:1 ; 10 7 M . The arrow shows the 3 upper limit for the S(0) transition. 
Object
(1) Notes.-The warm molecular H 2 mass is derived from our data. HIRES observations are used when available, and the LORES observations are marked in the first column with an ''L.'' The temperature is derived from the fit to the S(1)YS(3) data. The mass is derived using the S(1) line flux; if this line is not detected, the S(3) line flux is used. If only a single line is detected, we use the average temperature of 336 AE 15 K to estimate the mass, denoted by angle brackets in col. (2). The standard Milky Way H 2 mass-to-CO luminosity ratio, ¼ 4:6 M ( K km s À1 pc 2 ) À1 , has been used to estimate the cold gas mass. However, Solomon et al. (1997) argue that $ 1:4 should be used for ULIRGs. This would decrease the cold gas mass and correspondingly increase the warm gas fraction by a factor of $3. The S(7) line is detected in Arp 220, IRAS 06301À7934, IRAS 12032+1707, IRAS 12112+0305, IRAS 17068+4027, and NGC 6240, and we calculate a hot gas mass. The S(0) line is detected in IRAS 12112+0305, IRAS 13342+3932, and NGC 6240, which lowers the warm gas temperature. The S(0) line flux is used to estimate the gas mass. For IRAS 13342+3932 we only detect the S(0) and S(1) lines, resulting in a much lower gas temperature. We also quote the gas mass using the average temperature for the sample, which may be a more reasonable estimate of the gas mass. There is a problem with the absolute flux calibration for IRAS 09022À3615, and the mass could be a factor of 20 higher than quoted.
a Solomon et al. (1997) . b Rigopoulou et al. (1996) . c Mirabel et al. (1990) . d Evans et al. (2002) . separate cold and warm ULIRGs. There are no obvious trends. That is, there appears to be no systematic tendency for starburstor AGN-powered ULIRGs to have systematically larger (or smaller) masses of warm H 2 .
Likewise, there is no clear dependence on far-infrared luminosity. Figure 11 shows the derived warm H 2 mass as a function of the 60 m specific luminosity (L 60 m ), which we define as 4d G 0 . Here G 0 is the local interstellar far-UV radiation field, determined to be 1:6 ; 10 À3 ergs s À1 cm À2 (Habing 1968) . This is consistent with PDRs being a large contributor to the warm H 2 emission. Of course, there can also be a significant shock component in some ULIRGs. Constraining the contribution of shock excitation will require observations of rovibrational transitions in the near-infrared.
Fractional Warm Gas Mass
In Table 4 we have listed the cold molecular hydrogen mass derived from 12 CO (1Y0) observations of 30 ULIRGs from the literature. These masses range from 10 8 to 10 11 M , with an average cold M H 2 $ 4 ; 10 10 M . This is calculated using the standard Milky Way M H 2 /L CO ratio of 4.6 M (K km s À1 pc 2 ) À1 determined from observations of Galactic molecular clouds (Solomon et al. 1987) . However, as stressed by Maloney & Black (1988) , because the CO (1Y0) line intensity scales as a modest power of the gas temperature, 9 the molecular hydrogen masses may be overestimated by factors of 3Y5 in regions of intense star formation or AGN dominance. The density and filling factor of the 12 CO (1Y0) emitting regions also affect the measured CO intensity in ways that are difficult to take into account a priori. Solomon et al. (1997) argue that the standard conversion factor is inappropriate for ULIRGs, as the derived masses often exceed the dynamical masses. They argue that in the extreme environments found in the central regions of ULIRGs, the CO emission originates not from self-gravitating clouds but from an intercloud medium, which is bound by the potential of the galaxy or molecular gas pressure, resulting in a smaller M H 2 /L CO of $1.4 M (K km s À1 pc 2 )
À1
. All of this suggests that the cold molecular masses in Table 4 should be viewed with considerable caution and likely represent overestimates of the true M H 2 . Indeed, use of the advocated by Solomon et al. (1997) for their ULIRG sample would both lower the cold H 2 mass and increase the warm H 2 gas fraction by a factor of $3. However, the warm H 2 gas remains a small fraction of the total H 2 mass.
We have H 2 detections for 28 of these sources. Some of the sources do have a warm gas fraction that scales with warm gas mass, but the scatter in the data is large and there is no strong trend. The median fractional warm gas mass is 0.3% of the cold gas mass. Figure 12 shows the warm gas fraction as a function of F 25 m /F 60 m . Rigopoulou et al. (2002) derived an average gas temperature of $150 K for their sample of local starbursts and AGNs and found the warm gas fraction to be as large as 10% in starbursts and up to 35% (with a large scatter) in Seyfert galaxies. In nearly half of their sample they did not detect the S(0) line, and the derived temperature is $300 K. The difference between the average warm gas fractions in our ULIRG sample and the local starburst/AGN sample is heavily weighted by the adopted gas temperature and whether or not the S(0) line is detected. It is likely that the warm gas fraction is similar in both. More sensitive observations of the S(0) line in ULIRGs are needed to fully constrain the $150 K component. Figure 12 also shows that only eight of 28 ULIRGs with both cold and warm H 2 masses have F 25 m /F 60 m > 0:2, and only one has F 25 m /F 60 m ! 0:4. As a result, we are unable to say conclusively whether there is a tendency for the warm H 2 mass to depend on dust temperature, i.e., on AGN dominance. While the position of Mrk 463 in the upper right of the figure is suggestive of such a trend, it may simply be an outlier, like the cold IRAS 12112+0305 near the upper left. No increase in the warm gas Fig. 8 . The dashed line shows the expected trend for an ortho-to-para ratio of 3 and no extinction, which is consistent with the data. fraction is measured as a function of either increasing IRAS 25 or 60 m specific luminosity.
CONCLUSIONS
We have used Spitzer's IRS to obtain spectra from 5.0 to 38.5 m for a large sample of ULIRGs. This sample is bright (0:1 Jy < F 60 m 104 Jy) and hase redshifts between 0.02 and 0.93. We have detected line emission from pure rotational transitions of molecular hydrogen in 77% of the sample and in all ULIRGs with F 60 m > 2 Jy. The majority of these sources are modeled with a single-temperature H 2 component, with an average excitation temperature (T ex ) of 336 AE 15 K. The ULIRGs contain large quantities of warm molecular hydrogen. We find an average mass of 2 ; 10 8 M . Large optical depths, as inferred from the depth of the silicate absorption trough at 9.7 m, are not observed along the line of sight to the warm H 2 gas. If the gas originates in a central dusty torus, the medium must be clumpy.
The warm H 2 mass does not appear to depend on the IRAS 25 to 60 m flux density ratio, which is used to classify ULIRGs into ''warm'' (AGN dominated) and ''cold'' (starburst dominated) categories. Similarly, the warm H 2 mass does not scale with the specific luminosity at 25 or 60 m. A possible common origin for the gas is from photodissociation regions associated with massive star formation.
The single-temperature gas model, fitted to the S(1) Y S(3) lines, is a simplification, and the gas is likely to have multiple temperature components. Detection of the S(0) line will typically lower the derived temperature in the single component fit by 50Y100 K, leading to a larger estimated gas mass. This higher gas mass cannot be ruled out in the bulk of our sample for which we do not detect the S(0) line. A hot H 2 gas component is inferred when the S(7) line is detected. This line is detected in six ULIRGs and is modeled as a T ex ¼ 1400 AE 60 K H 2 component, with a relatively small mass (M H 2 $ 3 ; 10 6 M ). Using cold molecular gas estimates from 12 CO observations in the literature, we find that the warm H 2 mass is typically less than 1% of the cold H 2 mass. The average warm gas fraction could be a few tens of percent, but this requires verification through the detection of the S(0) 28.22 m line, which is difficult using the IRS, as the line is situated in a low-sensitivity region of the detector array, and detection of the 12 CO line. In general, ULIRGs have a warm mass fraction that is comparable to that found in local starburst and Seyfert galaxies (Rigopoulou et al. 2002 ).
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